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2001 R&D 100 Awards Entry Form 

1. Submitting Organization 
Organization: 
Address: 
City: Livermore 
State: California 
Zip: 94551 
Country: USA 
Submitter's Name: Allen T. Christian 

Lawrence Livermore National Laboratory (LLNL) 
7000 East Avenue, P.O. Box 808 

Phone: (925) 424-5909 
Fax: (925) 424-31 30 
Email: christian4a Ilnl.gov 

AFFIRMATION: I affirm that all information submitted as a part of, 
or supplemental to, this entry is a fair and accurate 
representation of this product. 

Submitter's signature: 

2. Joint entry with: 
Organization: None 

3. Product name: 
Gene Recovery Microdissection (GRM) 

4. Briefly describe what the entry is: 

chromosome region-specific libraries of expressed genes of virtually any plant or animal species 
for use in functional genomic research. 

GRM is a process for amplifying DNA fixed to a medium and can be used to produce 

5. When was this product first marketed or available for order? 

on February 7, 2000. 
GRM was first announced in the Department of Commerce's Commerce Business Dady 
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6. Inventor or Principal Developer: 
List additional developers from all companies on a separate sheet in an appendix and check here [ X ] 
Developer Name: Allen T. Christian 
Position: Senior Biomedical Scientist 
Organization: Lawrence Livermore National Laboratory 
Address: 7000 East Avenue, P.O. Box 808, L-452 
City: Livermore 
State: California 
Zip: 94551 
Country: USA 
Phone: (925) 424-5909 
Fax: (925) 424-3 1 30 
Email: christian4@ Ilnl.gov 

7. Product price: 
If the price is proprietary, fill in the blank and also check here: [ ] 
LLNL plans to market GRM as a series of licenses relating to specific products, such as 

gene libraries, and to the process by which they are made. Prices will be set depending on the 
type of product or process licensed. Three companies are currently negotiating with LLNL to 
license GRM. 

8. Do you hold any patents or patents pending on this product? 
Yes [ X I  
No [ I  
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9. Product Description: 

libraries of all of the genes expressed in any chromosomal region of any tissue of any plant or 
animal species. It can also be used to clone all of the DNA in any organism, including bacteria, 
even those that can’t be cultured. While every nucleated cell in an organism contains the same set 
of genes, cells in each tissue use a different subset of all the genes in the organism’s genome. If 
one thinks of the nucleus of a cell as a library, then the chromosomes in the cell are bookshelves 
in that library and the genes are the books on each shelf. Each cell in a particular organism, 
whether it’s a particular person or an individual plant, contains the same libraries, and the same 
sets of books. These books represent all of information (the DNA) that every cell in the body needs 
so that it can grow and carry out its various functions. 

example, some processes that are particular to cells in the liver are completely unused in brain 
cells. So each cell type only uses some of the books in its library. Further complicating this system 
is the fact that less than ten percent of the DNA is actually used to make genes. This is equivalent 
to having most of the books in a library filled with nonsense, with only occasional passages that 
are important. The reason that genome projects are so expensive is that there is no good way of 
learning which genes are being used at any given time, and from which chromosome they came. 
The process that we have developed is a way to isolate all of the genes that are being used from a 
particular chromosome region by a specific tissue at any point in time. 

its genes. Using GRM, investigators can conduct a search for relevant genomic information on 
species of interest without having to go to the effort of sequencing the entire genome of that 
species, an expensive and time-consuming process that is beyond the capabilities of all but the 
most well-funded and sophisticated laboratories. 

How does it do it? GRM works by combining cytogenetics and genomics, two disciplines 
that study DNA structure and sequence in significantly different ways, with chromosome 
microdissection. The product of gene expression is messenger RNA, or mRNA. Typically, before 
any genetic engineering is done, the mRNA molecules are converted into more stable DNA 
molecules. The resulting product, called cDNA, has exactly the same sequence as the mRNA but 
is easier to handle. A cDNA library consists of all the genes expressed in a particular tissue from a 
particular species. It is, in essence, a collection of photocopied pages from the books that are in 
use by the cells. When the cDNA library is combined on a microscope slide with chromosomes, 
the cDNA molecules hybridize to the chromosomal regions corresponding to the genes, a process 
equivalent to reinserting the photocopies into the books from which they came. Regions of the 
chromosomes of interest to scientists can then be isolated, and with them the hybridized cDNA 
molecules, using tiny glass needles and a process called microdissection. As an aspect of their 
manufacture, the cDNA molecules have specific DNA sequences attached to each end, that 
enable polymerase-chain-reaction (PCR) amplification and sequencing following microdissection. 

about five years, no commercially available libraries have been generated, because of a lack of 
sensitivity resulting from the inefficiencies inherent in the hybridization and subsequent PCR 
amplification. Because genes are typically represented only once in a chromosome, a maximum of 
one cDNA molecule will be present for each expressed gene following microdissection. Successful 
hybridization, dissection and PCR amplification of a single molecule is virtually impossible. As a 
result, libraries made with this procedure are so incomplete as to be unusable. To continue the 
library analogy, it is as if one had been asked to photocopy several pages from tens of thousands 
of books, reinsert the photo copies in the books, and then remove only those that are filed on a 

What Does It Do? Gene Recovery Microdissection (GRM) is a process used to produce 

Not all of these genes are used, or expressed, by every cell in the body, however. For 

No longer will it be necessary to sequence the entire genome of every species just to find 

Although the basic technique of using microdissection to isolate genes has existed for 
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particular shelf. The possibility of failing to photocopy some pages, failing to reinsert some, and 
forgetting to remove others during the final isolation step makes it virtually impossible to leave the 
library with all of the photocopied material. 

cDNA hybridization and by increasing the total number of cDNA molecules in each region following 
hybridization. It does so by using PCR in situ, which is PCR done on the slide rather than in a 
tube, the conventional means. First, a random-primed PCR on the chromosomes on the slide prior 
to hybridization produces many copies of the target DNA, significantly improving the chances of 
cDNA hybridization. Second, following the hybridization, a second PCR amplification using primers 
specific for the ends of the cDNA molecules is performed, increasing the numbers of bound cDNA 
molecules. Instead of isolating a maximum of one cDNA molecule per expressed gene in a region, 
the GRM process recovers hundreds or even thousands of cDNA molecules. It is as if, instead of 
one copy of each book, there are fifty. Instead of one copy of each page, there are hundreds. This 
simple step makes the production of highly useful chromosome region-specific libraries possible. 

GRM overcomes this inefficiency by increasing both the number of targets available for 
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10A. Product Competitor Methods 

Although scientists have developed a number of techniques that provide partial information 
about gene expression and genomic location, no single technique both identifies expressed genes 
and determines the part of the genome that regulates their expression. For example, fluorescence 
in situ hybridization (FISH) allows the identification of gene regions on the chromosome, but its 
probes are incapable of identifying the new genomic sequence for novel genes, which is done by 
sequencing. Microdissection can obtain specific genes from a chromosome region, but the 
inefficiencies in the process, from the hybridization to the dissection to the PCR amplification of the 
dissected fragments, have made it necessary to dissect many fragments to obtain all or most of 
the genes in a specific region. Gene sequencing can provide complete gene identification and 
location, but not information about the specific tissue in which the gene is expressed. Genomic 
sequences usually do not identify chromosome location, and sequence alone cannot identify 
where the gene is expressed. Nonregion-specific cDNA libraries (the only sort commercially 
available) give information regarding the genes that are expressed in a particular tissue or under a 
specific condition, but they provide no information regarding chromosomal location. Also, as many 
as 20,000 copies of any given gene are present in any one cell, and obtaining a complete 
sequence for all of these is laborious and expensive. 

require gene isolation, sequencing, and location by hybridization. 

or processes that supply some of the capabilities of GRM, but none of them provides all of the 
expression, sequencing, and location information made possible by the chromosome region- 
specific libraries of expressed genes produced by GRM. 

The GRM process, however, can provide in a single step information that would otherwise 

As shown in the table below, various companies provide commercially available products 

cDNA Libraries 
(Expression Data) 

Gene Sequence FISH Probes 
(Sequence Data) (Location Data) 

1 OB. Comparison Matrix 
As shown in Table 1 above, some aspects of GRM-expression, sequence, and/or location 

data-can be obtained using commercially available processes. However, as Table 2 below 
makes clear, none can provide all of the biological information needed to understand gene function 
that GRM provides in a single step. 
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Technique I GRM 1 FISH I cDNA 

I I I 1 Sequencing I Sequencing 
DNA 

Gene localization 
Gene sequence 
Tissue specificity 
Multiple species 

1 OC. 

multiple processes-and it does so robustly and cost-effectively. Each of the libraries takes only 
days to produce, and each can be copied thousands of times in a single day. This is in contrast to 
sequencing a genome, which can take years. GRM can produce libraries of all of the genes 
expressed in any chromosomal region of any tissue of any plant or animal species. 

Improvements Upon Competitive Products or Technologies 
GRM makes possible in one process what was previously possible only in part using 

X X 
X X X 
X X X 
X X X X 
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11 A. 

areas of cancer research, gene expression libraries production, functional genomics, toxicology and 
pharmacology, immunology, developmental biology and embryology, veterinary medicine, and 
environmental and ecosystem sciences. Potential areas of applications include oncology and pediatric 
medicine, pending FDA approval. 

Principal applications of this product. 
The GRM technology has numerous applications, and is currently being used successfully in the 

Cancer. GRM was invented to allow researchers to identify cancer genes in chromosomal regions for 
which scientists yet had no genomic information. Initially, these were regions for which scientists had good 
evidence concerning their importance in rat mammary cancer but almost no other knowledge. To identify 
the genes expressed in these regions (and thus thought to be important for mammary carcinogenesis), 
researchers needed a quick, simple, inexpensive, and reliable method of identifying and characterizing 
both novel and previously known genes in any chromosomal region. All of these objectives were 
accomplished by GRM, and it is this application that continues to be the primary use of this technology. 

Libraries of DNA seauences expressed in animals and plants. GRM can be used to generate 
chromosome and chromosome region-specific libraries of genes that are expressed for any tissue, normal 
or diseased, for any organism-all vertebrate animals, numerous invertebrate animals, and all 
plants-that can have their chromosomes spread on a microscope slide. Once these libraries have been 
produced, they can easily be placed on microarrays and made available to other investigators for more 
detailed analyses, including gene expression studies. GRM can thus be used to create a systematic 
approach to identifying genes expressed in virtually every animal and plant species of interest to humans, 
both in terms of medical and veterinary medical practice and in agriculture. No longer will it be necessary 
to sequence the entire genome of every species just to find its genes. Investigators now have the option 
of conducting a search for relevant genomic information on species of interest without having to go to the 
effort of sequencing the entire genome, an expensive and time-consuming process that is beyond the 
capabilities of all but the most well-funded and sophisticated laboratories. GRM delivers short (-200- to 
-1 000-base-pair) DNA molecules that are directly amenable to sequencing by small laboratories with only 
one or a few sequencing machines. Furthermore, GRM focuses on data that current genomic sequencing 
efforts cannot provide, namely information concerning the expression of genes on a tissue-by-tissue 
basis. This capability is critically important because information concerning tissue-specific expression of 
genes cannot yet be determined from DNA sequence alone. 

11 B. 
Drug discovery. Many drugs have been developed by culturing and sequencing bacteria. Current 
technology requires that bacteria be grown in culture prior to sequencing in order to obtain sufficient DNA 
for the sequencing process. More than 95% of all bacteria cannot be grown in culture, a fact that greatly 
limits the process of drug discovery. GRM can be used to provide enough DNA for sequencing from one 
bacterium, eliminating the need for cultures and allowing all bacteria to be screened for new genes. 

Other applications for which your product can be used. 

Functional aenomics. GRM will enable investigators to identify genomic sequences that are close to 
expressed genes that contain DNA code for determining the tissues and environmental conditions under 
which genes are expressed. GRM is poised to help us interpret the vast quantities of genomic sequence 
data now being generated for many animal and plant species. It is precisely this interpretation that the 
genomic data obtained thus far currently lacks. 

Genomics. GRM can be used as a preliminary step toward a full genomic analysis of an organism. By 
identifying genes and determining their chromosomal locations, GRM can be used to help "finish" the 
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genome by providing independently mapped sequences of expressed genes. These sequences are 
extremely useful for determining the chromosomal order (Le., "anchoring") of the DNA sequences as they 
are obtained. This application has potential for saving time and money in each of the many genomic 
efforts, both those that are ongoing and those that will be conducted in the future. 

Toxicoloav and Pharmacology. GRM will allow toxicologists to study cellular and organismal reactions to 
chemical and radiation exposure, furthering our basic understanding of the molecular mechanisms 
involved in responses to adverse environments, including mutagenesis and DNA damage recognition and 
repair. Similarly, GRM will improve the ability of the pharmaceutical industry to decipher the biological 
responses to drugs, with the goal of improving the safety of prescription and nonprescription medications. 
Researchers in the pharmaceutical and toxicology industries will be able to determine the molecular 
mechanisms of drug responses by learning which genes undergo changes in their expression as a result 
of drug therapy. It is also possible that this information could be coupled with GRM applications in 
oncology in order to customize drug choice, dosage, and scheduling. Please see the attached letter from 
Dr. C. Sid Aaron, Pharmacia and Upjohn Company, for his positive response to GRM technology. 

Immunoloav. Disease resistance in humans and animals is provided by the immune system, which 
attacks invading organisms using proteins made by genes that are produced from combinations of small 
numbers of other genes. Scientific understanding of the processes involved in immunological reactions 
would be improved by using GRM to characterize the gene combinations and the gene products important 
to this essential body function. 

Developmental bioloav and embryology. One of the deep mysteries of modern biology concerns the 
biological mechanisms involved in embryonic and fetal development. This field is currently the subject of 
intense investigation both in the U.S. and abroad. By performing GRM on fetal tissue samples from 
animals, investigators should be able to determine the cascade of genetic and cellular events involved in 
mammalian growth and development. The potential ramifications of this application on our understanding 
of human health and biology are so significant that they cannot yet be completely comprehended. 

Aariculture. Little or nothing is known about the genomes of numerous plant species, the production of 
which is worth many billions of dollars annually. GRM will help remedy this lack of knowledge by providing 
an affordable way to identify important genes and determine their functions. This knowledge may be used 
to improve the protein, carbohydrate, and vitamin content of food crop species important to our planet's 
rapidly growing human population. 

Veterinary medicine. Animals play essential roles in providing for human health and well-being. In addition 
to providing food and companionship, they are also used in research to address questions that are 
important to human health but cannot for ethical reasons be addressed using people. Improving the 
health of essential animal species such as cattle, sheep, pigs, horses, chickens, dogs, cats, rats, and 
mice will have indirect but tangible benefits on humans. GRM provides a means of improving the health 
and welfare of essential animal species by providing a basic tool to enhance genomic research. GRM may 
also be used to improve our understanding of the role of gene expression in animal disease 
processes-for example, bovine spongiform encephalitis, or mad cow disease, which is currently a major 
problem in Britain and appears to be spreading throughout Europe. 

Environmental and ecosystem sciences. Protecting endangered species is a major component of 
environmental policy in the U.S. and abroad. Unfortunately, the genomes of most endangered organisms 
may never be sequenced because of the large number of such species and the prohibitive costs of 
genomic analysis. However, GRM offers the possibility of identifying and characterizing the expressed 
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genes, both known and novel, in a cost-effective manner for those species whose value to human health 
cannot be determined without careful genetic appraisal. 

11 C. 

Drug Administration prior to their use in medicine. 

List all potential applications. Indicate why they are not now feasible. 
The following application of GRM is entirely feasible but would require approval by the Food and 

Oncoloav. GRM has potential for use as a clinical diagnostic tool. Cells in tumors are widely known to be 
heterogeneous with respect to their genetic material and behavior. For example, many solid tumors have 
cells that invade nearby tissues or that break away from the body of the tumor and spread to other sites 
(i.e., metastasize). At the present time, many of the genes involved in these processes are unknown, but 
in the not-too-distant future, these genes will have been identified (perhaps using GRM in a research 
mode) with the result that their involvement in individual tumors can be determined. Understanding and 
characterizing the genes that are actively involved in tissue invasion and metastasis in a specific patient's 
tumor may help clinicians determine and individualize proper courses of treatment. GRM may help this 
process by providing information concerning the genes expressed in specific regions of tumors. 
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12. Why Should This Product Win an R&D 100 Award? 

over many years to sequence the human genome. More money and time are currently being spent 
to sequence the genomes of a host of different organisms. The same companies and governments 
that sequenced the human genome and are sequencing other plant and animal genomes are now 
preparing to enter the field of functional genomics-elucidating the meaning of the DNA sequence, 
which is where the practical lifesaving and life-transforming uses of genomic knowledge begin. 

The key to functional genomics is to determine where a gene is located on a chromosome 
and in which tissues it is expressed and at what levels. Finally, the expressed gene must be 
cloned many times over in order to produce the proteins that are the starting point of the functional 
genomic research. In the past, this process was done using a series of expensive and time- 
consuming steps. 

research-location, expression, and cloning- simultaneously on a simple microscope slide, 
thereby providing an enormous advantage to researchers in the race to unlock the secrets of plant 
and animal genomes. Using GRM, investigators now have the option of conducting a search for 
relevant genomic information on species of interest without sequencing the entire genome of that 
species, an expensive and time consuming process that is beyond the capabilities of all but the 
most well-funded and sophisticated laboratories. 

Private industry and the governments of several countries have spent billions of dollars 

Gene Recovery Microdissection can accomplish the initial steps of functional genomic 

ORGANIZATION DATA 

13. Chief Executive Officer of submitting company (corporate or 
university president, government research center director, etc.): 

Name: C. Bruce Tarter 
Position: Director 
Organization: Lawrence Livermore National Laboratory 
Address: 
City: Livermore 
State: California 
Zip: 94551 
Country: USA 

7000 East Avenue, P.O. Box 808, L-001 

Phone: (925) 422-41 69 
Fax: (925) 423-3597 
E-mail: tarter1 @linl.gov 

14. Contact person to handle all arrangements on exhibits, banquet, 
and publicity: 

Name: Darlene Horne 
Position: Business Partnering Administrator 
Organization: Lawrence Livermore National Laboratory 

City: Livermore 
State: CA 
Zip: 94551 
Country: USA 

Address: P.O. BOX 808; L-795 

Phone: (925) 423-1 929 
Fax: (925) 423-8988 
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E-mail: hornel @ Ilnl.gov 

15. To whom should reader inquiries about your product be directed? 
Name: Allen T. Christian 
Position: Senior Biomedical Scientist 
Organization: Lawrence Livermore National Laboratory 

City: Livermore 
State: CA 

Country: USA 

Address: P.O. BOX 808, L-452 

Zip: 9455 1 

Phone: (925) 424-5909 
Fax: (925) 424-3 1 30 
E-mail: christian4Q Ilnl.gov 
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Appendix A: Supporting Documents 

3. List of co-developers 
4. Letters of support 
5. Opportunity release from Lawrence Livermore National Laboratory 
6. Papers and abstract from invited presentation on GRM. 
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A l )  Co-developers: 

Developer Name: 
Position: 
Organization: 
Address: 
City: 
State: 
Zip: 
Country: 
Phone: 
Fax: 
Email: 

Developer Name: 
Position: 
Organization: 
Address: 
City: 
State: 
Zip: 
Country: 
Phone: 
Fax: 
Email: 

Matthew A. Coleman 
Senior Biomedical Scientist 
Lawrence Livermore National Laboratory 
7000 East Avenue, P.O. Box 808, L-448 
Livermore 
California 
94551 
USA 
(925) 423-7687 
(925) 424-31 30 
colemanl6@ Ilnl.gov 

James D. Tucker 
Senior Biomedical Scientist 
Lawrence Livermore National Laboratory 
7000 East Avenue, P.O. Box 808, L-448 
Livermore 
California 
94551 
USA 
(925) 423-1 845 
(925) 424-31 30 
tucker5 @ Ilnl.gov 
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L i f e B e a m  Techno log ies ,  Inc. 
Voice: (617) 388-31 18 Fax: (810) 454-0816 Email: drtsr@mail.com 
P.O. Box 260, Boston MA 02137 

January 16. 2001 

To: 
From: Terence S. Russell, President, LifeBeam Technologies. Inc. 
Re: R&D 100 Awards 

Dr. Matthew Coleman, Lawrence Livermore National Laboratory 

Dear Dr. Coleman: 

I am writing this letter in support of your application for an R&D 100 award for Gene Recovery 
Microdissection (GRM). We believe that the GRM technology developed by you and Drs. 
Christian and Tucker is a fundamental technology platform that has the potential to act as the core 
of many exciting commercial applications, especially in the genomics marketplace. 

As you know LifeBeam Technologies, Inc. is an early stage biotechnology company that is 
seeking to develop and commercialize a new, ultra-fast technology for DNA sequencing. In order 
for us to provide the greatest value to our end users, we also have an aggressive technology 
acquisition program that focuses on systems that generate valuable genomic information. This 
information (e.g. gene localization and expression data) typically complements raw sequence data. 
We believe that GRM is a perfect example of just such a technology platform. 

LifeBeam Technologies, Inc. is particularly interested in developing a number of commercial 
applications based on GRM such as whole-chromosome gene-screening panels for multiple 
organism types and chromosome region-specific gene screening panels. It is our understanding, 
based on initial market research, that there is significant commercial demand for such applications. 
Our research indicates that we can develop model organism (rat, mouse, etc.) gene-screening 
panels, based on GRM technology, that could yield end-user cost savings of greater than 50% and 
time savings of greater that 90% when compared to current commercial solutions. Finally, for a 
number of other commercially valuable organisms, we would be able to generate powerful "one- 
tube" genomic mapping solutions. These applications alone would enormously speed the work of 
researchers in the pharmaceutical, agncultural, and biotechnology industries. 

Needless to say we will be pursuing our interest in GRM. We wish you the best of luck in this 
contest and in the future development of such an important and exciting technology. 

Sincerely, 

Terence S .  Russell, Ph.D. 

President 
LifeBeam Technologies, Inc. 

mailto:drtsr@mail.com


January 15, 2001 

UNITED STATES ENVIRONMENTAL PROTECTION AGENCY 
YATIONAL ilEALTH AND ENVIRONMENTAL EFFECTS 

RESEARCH LABORATORY 
RESEARCH TRIANGLE PARK NC 2771 1 

OFFICE OF 
RESEARCH AND DEVELOPMENT 

To Whom It May Concern: 
FAX 9-1-925-424-3 130 

This is a letter of support for Dr. James Tucker for consideration of his development of gene- 
recovery microdissection (GRM) for an R&D 100 award. 

Dr. Tucker and his colleagues have made important advances over the years in the general field of 
molecular cytogenetics. However, their most recent work is a truly important step forward in this 
area. Specifically, they have now developed technology, GRM, that permits the application of 
molecular cytogenetics in ways not possible previously. 

The development of GRM permits the construction of customized chromosome region-specific 
cDNA libraries from any tissue and any plant or animal species. The general applicability of such 
an invention is obvious. As genomics research proceeds, the ability to construct such libraries is 
critical to understanding and exploring which genes are expressed along a segment of a 
chromosome in a specific tissue or organism at a specific time. This elevates gene expression 
studies to a level not generally possible until now. Such a method will enable chromosomal 
regions to be examined in detail to see if genes within a contiguous segment are expressed , 
perhaps coordinately, not only in one species but in essentially any eukaryotic species of interest. 
This invention is already permitting the Tucker group at LLNL to identlfl genes expressed in 
specific tissues and chromosomal regions of the rat, one of the most used organisms in toxicology 
and other biomedical research. 

This invention also enables one to iden t6  genes that are expressed after exposure to drugs or 
environmental chemicals or radiations. This is, perhaps, the most immediately practical 
application of this invention, especially by pharmaceutical companies. Again, this methodology is 
generally applicable. Thus, with minor modifications in primers, etc., the method can be used in a 
wide variety of organisms, including humans. The ability to detect altered gene expression after 
chemical or radiation exposure is an essential feature of “molecular medicine” or the new field of 
genomic pharmacology, where gene expression after drug treatment is used to identifjl the 
biochemical pathways associated with the exposureand possibly, the disease. Having a generally 
applicable method by which to do this will be an important contribution to drug development. 

In terms of basic research, an exciting application of GRM is for the identification of syntenic 
regions of chromosomes (ie., homologous regions) among species and mapping genes within 
those regions. This will be especially useful for species that have not yet been so fortunate as to 
have their genome sequenced hlly. Thus, using information on gene composition in a syntenic 
region of a chromosome that is well characterized in one species, this invention wd1 permit 
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comparison to a probable syntenic region in another organism. Eventually, such information will 
have applied utility in a variety of fields, but the most immediate value will be in terms of 
understanding the evolutionary relatedness of chromosomes among species. 

Finally, among other things, GEM will enable one to identie quickly new genes (open reading 
fiames) without the labor of sequencing large stretches of genomic DNA. This ability has a wide 
range of applications, from basic to applied research. Again, the general applicability of the 
method makes it a versatile and adaptable technique that can be used in an array of organisms to 
address different types of research questions. 

I am pleased to have the opportunity to comment on the invention of GRM, and I trust that this 
invention will be considered favorably for an R&D 100 award this year. Thank you. 

Sincerely yours, 
h 

David M. DeMarini, Ph.D. 
Research Genetic Toxicologist 

Environmental Carcinogenesis Division (MD-68) 
US Environmental Protection Agency 
Research Triangle Park, NC 2771 1 
"EL 919-541-1510 
FAX 9 19-54 1-0694 
demarini.david@epa.gov 

Adjunct Professor 
Dept. of Environmental Science & Engineering 
School of Public Health 
University of North C a r o b  
Chapel Hill, NC 277599 

mailto:demarini.david@epa.gov


Pharmacia&Upjohn 

12 January 7001 

Dr. James D. Tucker 
Biology and Biotechnology Research Program 
P. 0. Box 808, L448 
Lawrence Livermore National Laboratory 
Livermore, CA 9455 1 

Dear Dr. Tucker, 

Subject: Letter of Support for R&D 100 application 

I have reviewed the manuscript you provided that describes Gene Recovery Microdissection. 
This technique is indeed interesting and deserves widespread recognition. 

You have identified an important need in this era of high throughput sequencing, namely, the 
need to identify genes of interest without sequencing the entire genome. It is particularly 
clever to be able to work from single chromosome regions and develop useable libraries for 
study of expression and genetic damage. I applaud your work. 

Specifically, I think this method will greatly assist in identifying both known and unknown 
genes in specific regions of the chromosome with heretofore-unavailable selectivity. It is 
particularly important as you point out that the utility for producing region specific cDNA 
libraries with any tissue or animal will be facilitated. In my opinion this method should 
revolutionize the way future gene mapping studies, particularly in species with poorly 
characterized genomes, will be done. Furthermore, the area of greatest application may be in 
the study of gene expression in response to physical or chemical agents. 

In summary, I fully support your application for the R&D 100 Award. This novel method of 
genome study and dissection will be an important contributor to understanding of the 
genome. 

Sincerely, 

Dr. Sid Aaron 

Pharmacia (L Upjohn 
7000 Portage Road 
Kalamazoo. MI 49001-0199 
USA 

Telephone (616) 833-4000 



Mutation Research 
International Journal on Mutagenesis, Chromosome Breakage and Related Subjects 

Executive Managing Editor 

of. J.M. Gentile 
urpartment of Biology 
Hope College 
- " E .  12thSt. 

de Science Center Rm 175 
. .alland 
MI 49423, USA 
Te.1 1 616 395 7190 / 7714 

x: I 616 395 7923 
iail: GENTILE@hopehN.laTy 22, 2001 

To Whom it May Concern: 

I am writing to provide my enthusiastic support and endorsement for the research agenda 
now underway in the laboratory of Dr. James Tucker and his colleagues. I have heard 
Dr. Tucker make several presentations involving his use of comparative genomic 
hybridization protocols (CGH) and the use if these methods to examine chromosomal 
abnormalities induced by various carcinogens is superb science. 

The pattern of chromosome-region loss from carcinogens can provide clearly 
distinguishable signatures for given carcinogens. In his laboratory Dr. Tucker and his 
group have been successfully using the gene recovery microdissection method (GRM) to 
produce chromosome region-specific cDNA libraries. In a recent manuscript submitted 
to PNAS Dr. Tucker's group confirmed the utility of GRM by reporting that expressed 
genes at rat chromosome lpZ2-q31 were isolated, mapped and demonstrated to 
correspond to known syntenic regions in human and mouse chromosomes. I believe that 
the GRM methodology is suitable for studies targeted towards species with still-to-be- 
defined genomes. Such studies will clearly provide a critical link between cytogenetic 
and genomic analyses. 

I support this line of research fully and explicitly. In my capacity as Editor-in-Chief of 
Mutation Research I would rate the quality, ingenuity and intent of this line of research in 
the hghest levels of importance for our ultimate understanding of molecular mechanisms 
involved in mutagenesis and carcinogenesis. Should Dr. Tucker and his colleagues elect 
at some point to use Mutation Research as a vehicle for submission of some of the results 
of his work you can be assured we will review and process the manuscripts with the 
highest level of speed and interest so as to make this important work readily available to 
the scientific community. 

Sincerely, 

James M. Gentile, Ph.D. 
Editor-in-Chief 
Mutation Research 

Elsevier Science B.V., PO Box 1527, 1000 BM Amsterdam, The Netherlands 
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C/O Dr. James D. Tucker 
Biology & Biotechnology Research Program 
Lawrence Livermore National Laboratory 
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RE: R&D 100 application 

Dr. Tucker and colleagues have made a significant step toward the identification 
of genes with mutations important to mammary cancer. At the same time they have 
developed a novel, fundamental tool for bridging the gap between cytogenetic and 
genomic analyses. 

This novel invention, called gene recovery microdissection (GRM), allows us for 
the first time, to make customzed chromosome region-specific cDNA libraries from any 
normal or diseased tissue of any plant or animal species. Use of GKM will permit 
researchers to determine the involvement of genes that are known, and those that are 
novel. Such an ability is critical to our understanding of gene expression and disease 
following chemical or physical and pharmacological or toxicological exposure. 
Additionally, this invention will pennit us to map genes in those species with poorly 
characterized genomes, and identify genes in cross-species sytenic reDons. 

biotechnology industry. 
In my opinion, this discovery will find widespread, immediate use in the entire 

Co-PI and Deputy Director 
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PC R in situ followed by niicrodissection allows whole chromosome 
painting probes to be made from single niicrodissected chromosomes 
Allen T. C h r i s t i a n ,  Ilolly E. Garciii, James D. Tucker 

Biology 2nd Biatechnolog> Rssfarch Progr3in. Lawrence Likermore National Laboratory. P 0 Box 808. L 4 5 2 .  Libcrniore. Crtlifomia 9455 I, USA 

RLssibed. il Jmuar) 1909 i .Acc<ptcd: 28 J m u q  1999 

Abstract. Whole-chromosome painting probes (WCPs) and chro- 
mosoiiie-am painting probes (CAPS) are an integral part of the 
cytogenetic analysis I I f  chromosome abnorn1al.ries. While these 
are routiiiely made by .!iroinosoine microdissection, multiple cop- 
ies of the dissectcd region h,i\c been necess,!iy to achieve a library 
sutiiciently complex to provide adequate painting. Performing 
multiple dissections of cliroiiiosomes or chromosome regions is 
t i l i i c  coiisuining and occabionally inipos\ible. yiich as when work- 
ing with species &hose banded karyotype is not well defined. We 
hA\e developed a method uhereby chromosome paints can be 
rcliably generated by di\secting single chromosomes. The tech- 
nique consist> of pcrforiiiing degenerate oligonucleotide-primed 
polymerase chain rcaction (DOP-PCR) in situ on the chromo- 
soiiies, prior to dissectioii. Enough aniplification occurs to enable 
a \ingle dissccied chromosome to be used to create a painting 
probe sufficiently complex for use in fluorescence in situ h j  brid- 
iution (FISH). The amplification products remain localized on the 
chromosomes; this allows region-specific chromosome paints to 
be made. We detail this novel technique and show whole- 
chromosome, arm-specific, and contiguous region-specific probes 
for human and rat, each created from single dissected fragments of 
chromatin. 

Introduction 

Microdissection has become a very popular method for making 
both whole-chromosome and region-specific painting probes 
(Guan et al. 1994a). With experience, the technique is rapid and 
efficient, and enables probes to be made from chromosomes whose 
size makes them difficult to separate by flow sorting. Microdis- 
section can also be used to produce probes from such anomalies as 
marker and derivative chromosomes, making it  a very powerful 
analytical technique (Guan et al. 1994b; ElkJhloun et al. 1996). 

Microdissection does possess one serious drawback, however. 
It  is generally necessary to dissect multiple copies of a target 
chromosome or region to produce a probe sufficiently complex for 
RSH. Although band-specific probes have been made from single 
fragments (Guan et al. 1993). painting regions larger than this 
requires as many as 50 copies to be dissected for sufficient probe 
coverage; to date, no papcrs have been published in  which whole- 
chromo\ome probes (WCPs) have been made with single dissected 
chromosomes. The need to dissect more than one copy of a target 
complicates the process of microdissection. For example, it can be 
difficult to locate precisely the same chromosomal region when 
making multiple scrapes of a single band. As a result, the painting 
probe covers a wider region than desired. When probes are made 
for adjacent bands, this can result in overlapping signals. uhich 
complicate analysis. Creating WCPs and Chromosome arm paint- 

Correspondence to: J.D. Tucker 

ing probes (CAPS) is also complicated by the need to dissect 
multiple chromosomes. Sin<? many chromosomes, and indeed the 
p and q arnis of metacentric chromosomes. dre difficult to differ- 
entiate without banding analysis, the chromosomes must be 
banded befool-e dissection. In  the case of sonie genomes, ,uch as 
mice, rat\. or dogs, even h d e d  chroinosonies 5 ~ 1 1  be difficult to 
distinguish. Chromosomes from these species are also difficult to 
isolate by flow sorting k. ;,IX thtre is little difference in -'ire- 
mosome size. Since non-h~inan mauiinalian inodzls play an iin- 
portant role in cytogenetic ri.\earch (Shi et al. 1997; Tucker et al. 
1997). the ability to makc chromosome paint> from single scrapes 
of a band, arm, or chromo-onie is highly desirable. 

In this paper we show [hat DOP-PCR performed in situ on 
target chromosomes prior to dissection increases the ainount of 
DNA associated with a chromosome or chromosonie region. This 
allows libraries complex enough t o  be used as RSH painting 
probes to be made froni single dissected fragments. The coberage 
of the DOP-PCR in situ is broad enough to allow WCPs [o be 
made, and specific enough to allow contiguous region-zpccific 
probes to be made from a single copy of one metaphase chromo- 
some. We pre\ent WCPs. CAPS, and region-specitic probes irom 
humans and rats. generated with this technique, which we term 
Headstart microdissection. 

Materials and methods 

Whole blood was cultured ai previously described (Tucker et al. 1997; 
Johnson et al. 199s). At 4& h aiter culturing. Colcemid ZCibco BRL, 
Indianapolis, Ind.) was added to a final conceii1r3tion of 0. I &ml. The 
cultures were harvested 4 h later by treatment with hypotonic solution 
(0.075 M KCI) for 30 min at 57°C. followed by three fixations in mrtha- 
nol:acetic acid (3: I voUvol). The fixed cells were dropped onto 24 x hO mm 
cover slips, air dried, and stored at room iempernture. 

Two co\er slips were uv.i for DOP-KR in s i i u .  one was u.<,d as a 
pnsitive control by iniorporiiny rli~1daminr-6-JbTP. and the orher was 
u w d  fu r  iniirodisseiiion. Fir:) - P I  rcxtion drop\ conraining 5 p.1 Thermo 
Scqueiia\e DN.4 Pol! niera>t 5 & I  Thcrmo S c q u c i i ~ ~ e  reaction bu i l c r  (.4m- 
er\ham, Arl ingtoi i  Hc.ighi\. l ! I . i ,  :!MI 1111 of each il ATP. dTTp. KTP.  and 
dCTP t Bwhriiipcr hl.innhcir.. I m l i a n q x i i s ,  IN).  3nd 4 &si W P  primer 
(S ' -CCG.~CTCCAG~NN;\S.~TCTGG-3')  \\ere placed on untroired 
microscope Jides; a cover slip uas inverted and gcntly pl.ieed on the slide 
so that [he cells were in c o n w  u i t h  the solution. Rubber cement was used 
to seal the cover slip to the nucroscope slide. Control DOP-KR in SIIU 

experiments included 40 psi 1etramethylrhodamine-6-dUTP d d r d  to the 
rcdction in d i l i t i o n  to [he i~~~mponents li\icd above. All P C R  reactions 
were pcdormrd with a DK.4 Ensine themnocycler (MJR Research Inc., 
Watsrto\\n. Mass.). The t h c r t ~ I  profile consi,ied of 95'C hx IO rnin. 8 
cycles at 9 4 T  for I min. 30-C for 5 min. and a ramp of 0. IT!\ dp to 65'C 
for 5 min. 12 cycles at 94°C for 1 rnin, 56°C for 5 min, and 72°C for 5 min. 
followed by 72°C for 5 min and held at 4OC until removed. llermo 
Sequenase was used becauv of its stability at high temperatures; new 
polymerase need not be added following each cycle. 

Once complete. the cover slips were removed from [he slide and soaked 
in a 4 x SSC/O.I% viton solution for 5 min at room temperatti e. Tne 
fluorochrome-labeled cover sLp was then mounted onto a microscope slide 
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A.T. Christian et al.: HeadStart Microdissection 
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Fig. 1. A rat nietapliase spread 011 which DOP-PCR in situ has been 
performed. The incorporation of rhodamined-dUTP allows the 'halo' ef- 
Fect characteristic of this process to be seen as a red fluorescent ring around 
each chromosome 

Through the use of new enzymes and better preparative methods. 
microdissection has become a widely used tool in cytogenetics. 
However. with one exception (Guan et al. 1993). researchers have 
found it  necessary to dissect multiple copies of a target to produce 
quality probes. 

There are several possible reasons why multiple chromosomes 
need to be dissected to make a library complex enough to be used 
for FISH. One reason is that it  can be difficult to dissect an entire 
chromosome and be sure that all of the chromatin has been suc- 
cessfully transferred into a microfuge tube. Secondly. even if the 
entire chromosome is successfully transferred. the amount of DNA 
involved is very small. Slight. preferences in .primer annealing 
during the initial low-temperature PCR could produce substantial 
asymmetries during amplification, resulting in incomplete probe 
coverage. Engelen and associates (1998) were able to improve the 
efficiency of chromatin removal from the cover slip by hydrating 
the chromosomes prior to dissection: This additional step made the 
chromosomes easier to remove, presumably resulting in more 
complete.transfer to the microfuge tube. However, even with this 
modification, multiple copies of the target chromosomes were dis- 
sected to produce the mints. HeadStart microdissection is uniaue 

Fig. 2. Several painting probes made by dissecting single chromosomes or chromosome fragments following DOP-PCR in situ. A: A whole-chromosome 
paint for human Chr I .  B: A whole-chromosome paint specific for rat Chr I.  [ 
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ABSTRACT 
PhIP (2-clmino- I -methyl-6-phenyIimidazo [4.5-h] pyridine ). cl mutJgen/cclrcino,oen belonpng to 

the class of heterocyclic amines (HCAs) found in cooked meats. is a mammary gland carcinogen in 

rats and has been implicated in the etiology of certain human cancers including breast cancer [ 1-21. 

To gain insight into the genomic alterations associated with PhIP-induced mammary gland 

carcinogenesis, we used comparative Senomic hybridization (CGH) to examine chromosomal 

abnormalities in rat mammary carcinomas induced by PhIP, and for comparison. by DMBA ( 7 .  12- 

dimethylbenz[a]anthracene), a potent experimental mammary carcinogen. We found a consistent 

and characteristic pattern of chromosome-region loss in PhIP-induced carcinomas that clearly 

distinguished them from carcinomas induced by DMBA. Of six PhIP-induced mammary gland 

carcinomas examined by CGH, all showed losses in the same specific regions of chromosomes 2, 3, 

1 1 ,  18, and X. With the long-term goal of determining which genes in these common deleted 

regions are involved in PhIP-induced mammary carcinogenesis, we developed a method to generate 

chromosome region-specific cDNA libraries, referred to as gene recovery microdissection (GRM). 

To confirm the utility of GRM, expressed genes at rat chromosome lp12-q3 1 were isolated, 

mapped and shown to correspond to the known syntenic regions in human and mouse 

chromosomes. We then used GRh4 to recover known and novel genes from the affected regions of 

chromosomes 2 and 3. Among the genes isolated were tumor suppressor genes and various 

regulatory genes, which will provide targets for future study on the genetic mechanisms of PhIP- 

induced mammary carcinomas. The GRM approach is generally applicable for studies of species 

with incompletely characterized genomes, such as the rat, and will help to bridge the gap between 

cytogenetic and genomic analyses. 
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INTRODUCTION 

Human breast cancer is characterized by multiple genomic ~lterurions and inany of the critical sene\ 

involved in this disease remain to be elucidated [3-41. The etiology of breast disease is not entirely 

understood. however. dietary factors may impact breast cancer risk [2, 5-61, PhIP is a heterocyclic 

amine food mutagen found in the human diet that is produced during the cooking of meats. It has 

been shown to be a potent rodent mammary gland carcinogen [7-91, and PhIP has recently been 

shown to be associated with a higher risk of breast cancer in women [ 2 ,  51. 

Mammary carcinogenesis in rats is recognized as a valuable model for the human disease [4] 

[ 10, 1 11. Carcinomas in rats and humans are similar in the site of origin from ductal elements, the 

susceptibility of the mammary gland to initiation during development (Le., period of adolescence), 

and the hormonal responsiveness of the tumors [IO] .  Studies using the rat mammary cancer model 

to study environmental carcinogens such as PhIP may provide a view to the specific genomic 

alterations of the disease, and of the role of specific carcinogens in the etiology of human breast 

cancer. 

We examined by CGH mammary carcinomas that were induced either by the food mutagen 

PhIP or DMBA, a potent experimental mammary gland carcinogen belonging to the class of 

polycyclic aromatic hydrocarbons, in female Sprague-Dawley rats. Although routinely applied to 

studies of the genomic alterations in mouse and human tumors, CGH has not been widely utilized in 

studies of the rat genome. It is used to detect genomic changes such as losses, gains and 

amplifications of chromosomes and chromosome regions, and can provide valuable information 

about solid tumors from which metaphase cells are difficult to obtain [ 12- 141. We examined 9 

carcinomas, 6 induced by PhIP and 3 induced by DMBA. All 9 of the carcinomas contained 

genomic changes detectable by CGH as either losses or gains/amplifications of chromosomal 

regions. 
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Since the rat genome has not yet been mapped to the extent of humans or mice. i t  is currentlv 

difficult to determine which genes i n  these deleted resions might be important for tumorigenesis. 

Thus, another means must be used to identify the known or novel genes in these regions that are 

expressed in normal rat mammary tissue. We have developed gene recovery microdissection 

(GRM), a technique that combines Headstart microdissection [ 151 with ;I process variously referred 

to as preparative in situ hybridization [I61 or microdissection-mediated cDNA capture [ 17. IS]. We 

demonstrate proof-of principle of the GRM technique and present results from 2 of the 5 regions of 

common deletion observed in PhIP-induced mammary carcinomas. which are rat chromosomes 2 

and 3. 
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hIATERIALS AND METHODS 

Mammary Tumor Samples: PhIP-induced carcinomas were obtained from a previous study in 

which tumors developed over a 25-week period after administration of PhIP (75 mg/kg, p.0.. once 

per day, for 10-days) or DMBA (IOmg/kg, p.0.. single dose) to 50-day old rats [8. 91. Rats were 

placed on a defined high-fat or low-fat diet after carcinogen treatment [8]. Vehicle control mimals 

were run in parallel in both the PhIP and DMBA studies, and none of the control rats developed 

mammary carcinomas during the 25-week study [9]. This technique, based on the model developed 

by Huggins, produces cancers only in animals treated with the specific agent, avoiding spontaneous 

tumors that can complicate analyses [ 19, 201. All carcinomas used in this study were tubular or 

tubulopapillary carcinomas as classified by the criteria of Russo and colleagues [ 10, 1 I]. DNA 

isolated from the tumors was amplified and labeled by PCR in a 15 p1 reaction drop containing I .5 

pl Thermo Sequenase DNA Polymerase, 1.5 pl Thermo Sequenase reaction buffer, 200 pM of each 

dATP, dGTP, dCTP, and dGTP, 2mM labeled nucleotide (either lissamine or fluorescein dUTP) 

and 4 pM DOP primer. The thermal profile consisted of 95°C for 10 min, 6 cycles of 94°C for 1 

min, 30°C for 2 min, and a ramp of l"C/s up to 65°C for 3 min, 20 cycles of 94°C for 1 min, 56°C 

for 1 min, and 72°C for 3 min, followed by a single 72°C for 5 min and held at 4°C until removed. 

CGH: Equal masses (- 100 ng) of reference (normal) DNA and test (tumor) DNA are co- 

hybridized to normal metaphase spreads in the presence of - 50 pg of unlabeled COT- I repetitive- 

sequence blocking DNA. The DNA was added to a hybridization mix (50% formamide, 2 X SSC, 

10% dextran sulfate) to a final volume of 15 PI. Metaphase spreads were denatured in 70% 

formamide/2 X SSC, pH 7.0 for 3 min followed by successive washes in 709'0, 85% and 100% 

ethanol for 3 min each. The probe mixture was denatured at 70°C for 5 min and applied to the 
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denatured slides, covered with 22 X 22 mm coverslips. sealed wi th  rubber cement and hybridized 

overnight at 37°C in a 5 %  CO,  atmosphere. Following hybridization. unbound probe was removed 

u.ith three 5-min washes in 50% formamide, 3 X SSC. pH 7.0 (15’C). followed by one 5-min wash 

in 2 X SSC (45‘C) and one 5-min wash in 2 X SSC with 1 % Triton-X (45°C).  The metaphase 

chromosomes were then counterstained with DAPI and an antifade solution. Metaphase spreads 

were observed using a Zeiss Axioskop fluorescence microscope and images were captured by a 

Vysis QUIPS Imaging Analysis System (Vysis, Downers Grove, IL). 

cDNA library manufacture: Rat rnRNA was isolated from rat mammary tissue using the Ambion 

Poly(A)Pure mRNA isolation kit (Catalog #1915, Ambion Inc., Austin, TX). Human testis mRNA 

was purchased from Clontech Industries (Palo Alto, CA). First strand cDNA synthesis was done 

using the Amersham cDNA synthesis module (Catalog #RPN 1256, Amersham Life Science, 

Buckinghamshire, England). The first strand primer was a modified version of the Life 

Technologies 3’ RACE primer (Life Technologies, Rockville, MD), with the addition of a random 

dATP, dGTP or dCTP on the 3’ end to serve as an anchor. First strand synthesis time was cut to 15 

minutes to provide a shorter library that was more amenable to hybridization. The sample was 

treated with RNase H per the Amersham kit, and a poly dC tail was added using terminal 

transferase (Roche, Indianapolis, IN). Twenty cycles of PCR were done using the Life 

Technologies Abridged Universal Amplification Primer (AUAP, 20 nM), 5 pl Thermo Sequenase 

DNA Polymerase, 5 pl Thermo Sequenase reaction buffer, 200 pM of each dATP, dGTP, dCTP, 

and dGTP in a 50 pl reaction volume. The thermal profile consisted of 95°C for 10 min, 20 cycles 

of 94°C for 1 min, 56°C for 1 min, and 72°C for 3 min, followed by a single 72°C for 5 min and 

held at 4°C until removed. 
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DOP-PCR in situ: Fifty-pI reaction drops containin? 5 p1 Thermo Sequenase DNA Polymerase. 5 

ul Thermo Sequenase reaction buffer (Amersham. Arlington Heights. IL),  700 p-34 of each dATP. 

dTTP. dCTP, and dGTP (Boehringer Mannheim. Indianapolis. IN). and 1 p M  DOP primer ( 5 ' -  

CCGACTCGAGN~VNNNNATGTGG-3') were placed on unfrosted microscope slides: a coverslip 

was inverted and gently placed on the slide so that the cells were in contact with the solution. 

Rubber cement was used to seal the coverslip to the microscope slide. All PCR reactions were 

performed using a DNA Engine thermocycler (MJR Research Inc., Watertown, MA). The thermal 

profile consisted of 95°C for 10 min, 8 cycles at 94°C for I min, 30°C for 5 min, and a ramp of 0.1 

"C/s up to 65°C for 5 min, 12 cycles at 94°C for I min, 56°C for 5 min, and 72°C for 5 min, 

followed by 72°C for 5 min and held at 4°C until removed. Once complete, the coverslips were 

removed from the slide and soaked in a 4 X SSC/O. I %  triton solution for 5 min at room 

temperature. 

cDNA in situ Hybridization: Forty-pl reaction drops containing 50% formamide, 2xSSC, 10% 

dextran sulfate, 10 pg COT-1 blocking DNA, and approximately 100 ng cDNA were added to the 

PCR in situ-amplified coverslips, which were then placed on glass microscope slides and sealed 

with rubber cement. The rubber cement was allowed to dry, and then the slides were heated to 75°C 

for 15 min to denature probe and target, and incubated for 48 h at 37°C. The slides were washed in 

2xSSC for 15 min at 42"C, rinsed with distilled water and blown dry with nitrogen. 

cDNA in situ PCR: Fifty-pl reaction drops containing 5 pl Thermo Sequenase DNA Polymerase, 5 

pl Thermo Sequenase reaction buffer (Amersham, Arlington Heights, IL), 200 pM of each dATP. 

dTTP, dCTP, and dGTP (Boehringer Mannheim, Indianapolis, IN), and 5 pM AUAP primer were 

placed on an unfrosted microscope slide; the coverslip was inverted and gently placed on the slide 
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so that the cells were in contact with the solution. Rubber cement i b a s  used to seal the coverslip to 

the microscope slide. The thermal profile consisted of 95’C for 10 min and 6 cycles of94-C for 2 

tnin, 56’C for 5 min. 56’C for 5 rnin and a 5 rnin incubation at 72’C. and held at 4°C u n t i l  removed. 

Once complete. the coverslips were removed from the slide and soaked i n  a 4 X SSC/0. 1 L7C triton 

solution for 5 min at room temperature. 

Post-dissection Amplification: Fifty cycles of PCR were done in 15 pl volumes containing 20 nM 

AUAP. 1.5 p1 Thermo Sequenase DNA Polymerase, 1.5 pl Thermo Sequenase reaction buffer. 200 

pM of each dATP, dGTP, dCTP, and dGTP. The thermal profile consisted of 95°C for 10 min, 50 

cycles of 94°C for 1 min, 56°C for 1 min, and 72°C for 3 min, followed by a single 72’C for 5 min 

and held at 4°C until removed. 
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RESLLTS ABD DISCUSSION 

All of the PhIP-induced carcinomas had five common regions of chromosome loss (Figure I ). 

However. no common chromosomal abnormalities were observed among the DMBA-induced 

carcinomas. nor were there any common abnormalities between the DMBA- and the PhIP-induced 

cancers (data not shown). The characteristic cytogenetic signature for PhIP-induced carcinomas 

made them clearly distinguishable from the carcinomas induced by DMBA. Besides the losses in 

common. each PhIP-induced carcinoma also possessed many other cytogenetic alterations. 

Since the resolution of CGH is - 10- 15 megabases, clearly not all abnormalities in these 

mammary carcinomas are likely to have been detected. However, the five common deletions that 

represent a signature pattern for PhIP-induced carcinomas indicate regions harboring genes in 

which a partial or complete loss of function, such as tumor suppressor genes, may play a role in 

PhIP-induced mammary carcinogenesis. Consistent with our CGH findings, PhIP-induced 

carcinomas also show a high frequency of allelic imbalance, which is not observed in DMBA- 

induced carcinomas [2 1, 221. As indicated by our data and results from other studies, multiple 

genetic alterations play a role in carcinogenesis [23]. However, little is known about the genomic 

alterations associated with the development of rat mammary gland cancer by PhIP or other agents. 

The cytogenetic signature may be akin to a DNA ‘fingerprint’, or characteristic mutation, which has 

been linked to several agents including PhIP and can be found in the genome of tumors arising after 

carcinogen exposure [24]. For example, studies have shown that PhIP-induced colorectal cancer in 

rats may harbor a characteristic frameshift mutation in the Apc gene [25]. Our findings are novel in 

extending the molecular signature of PhIP in the mammary gland to the cytogenetic level. The 

finding that characteristic cytogenetic alterations are induced in PhIP-induced mammary gland 

cancer has implications for discovering which genes may be associated with PhIP-induced rat 
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mammary gland carcinogenesis and for linking exposure to an environmental chernlcul c.arc.inoSen 

to a specific human cancer. 

To bridge the gap between cytogenetic and genomic ai ... lyses. we developed Gene Recovery 

Microdissection ( GRM) to make chromosome region-specific cDNA libraries. GRM can be used 

with any species and tissue. and requires microdissecting only one normal metaphase chromosome. 

eliminating the need to obtain multiple copies of the target. The process, shown in Figure 2. 

involves hybridizing a cDNA library specific for the species and tissue of interest onto DOP-PCR 

amplified metaphase chromosomes. This step also normalizes the library, increasing the ratio of 

less prevalent to more prevalent expressed genes [26]. PCR is used again to amplify the cDNA 

molecules in situ following hybridization, and the desired chromosome regions are isolated by 

microdissection. The cDNA molecules hybridized to the dissected genomic DNA are then 

amplified by PCR in a tube by using primers specific for the linker arms on the cDNA. The cDNA 

molecules are then cloned and sequenced. In situ amplification followed by microdissection allows 

complex libraries to be made from single microdissected chromosomes and chromosome regions, 

possibly by increasing both the number of targets for in situ hybridization and probe accessibility to 

the target chromosomes. Hybridization of a 150 kb BAC to target chromosomes that had been 

amplified using DOP-PCR in situ resulted in a significant increase in signal intensity over similar 

hybridizations to unamplified target chromosomes (data not shown). 

To test the efficacy of this technique, we performed the in situ amplifications and hybridized a 

human testis cDNA library to normal human metaphase chromosomes on which DOP-PCR in situ 

had been performed. Following hybridization, we amplified the bound probe with linker-specific 

PCR in situ and dissected the q-terminal band of human chromosome 2. After PCR amplification of 

the cDNA library using the linker primers, we used a primer set specific for the 3’ end of the 

HHARP gene, which had been mapped to this region previously [27] (Figure 3a). We dissected 6 q- 
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terminal fragments. amplified them separately, and were able to amplify the HHz4RP gene from 

each of them. As a control to check PCR product drift on the slides, the neighboring band was also 

dissected from each chromosome: the HHARP gene PCR products were not seen in any of these 

scrapes (Figure 3b). This supported earlier results, in  which contiguous genomic DNA libraries 

made by microdissection following DOP-PCR in situ were shown to have little to no overlap [ 151. 

We then performed GRM using a rat mammary tissue cDNA library, hybridized onto normal 

rat metaphase cells. We focused on the rat chromosome 1 (RNO 1) for our initial studies. RNO I 

has known synteny to human chromosomes 5 , 6  and 19 and mouse chromosome 7, all of which 

have been well characterized, making this an ideal test chromosome. We picked and sequenced 

(forward and reverse) 192 clones from a region spanning approximately RNO Ip 12-q3 I ,  and 

performed homology searches using the DataFoundry database storage and mining system [28]; 

results are shown in Figure 4a. Many of the hits were novel sequences; of those that had database 

homology to known genes, none had been mapped in the rat. However, many of the known genes 

that we sequenced have been mapped to syntenic regions in humans and mice, confirming the utility 

of GRM for recovering genes in selected chromosome regions. In addition, we isolated a BAC with 

a randomly selected clone; the BAC hybridized to the dissected region of RNOl (Figure 4b). 

Next, we microdissected regions from rat chromosomes 2 and 3 that corresponded to the deleted 

regions in the PhIP-induced carcinomas. Our hope was that tumor suppressor candidate genes 

might be located in these regions, providing us with potential targets for further analysis. Results 

are shown in Figure 5 ,  and indicate that several candidate genes may reside in these regions. 

The goal in developing GRM was to develop a comprehensive list of possible tumor suppressor 

genes involved in PhIP-induced rat mammary carcinogenesis by isolating all of the genes expressed 

in rat chromosomal regions that show recurrent loss in the PhIP carcinomas. Knowledge of the 

number of genes expressed in each region in rat mammary tissue would permit a simple power 
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analysis to be applied to statistically estimate the. number of post-dissection clones required to 

ensure that the desired fraction of expressed sequences from each dissected fragment \vas ~solltted 

and sequenced. However, there is considerable disagreement regarding both the number of genes in 

a "typical" inammalian genome and the percentage of those genes expressed in a given tissue. 

Without knowing how many expressed genes we could expect to see in a particular region, we 

decided instead to develop a picture sufficient to facilitate further analysis of genes potentially 

involved in mammary carcinogenesis. Subsequent work will be done in collaboration with the Joint 

Genome Institute to determine the number of genes expressed in rat mammary gland in each 

chromosomal region. Future analyses will also include screening and cytogenetically mapping the 

many sequence matches that were returned from database searches. 

Applying the GRM technique to the regions of rat chromosomes 2 and 3 that showed recurrent 

loss in the PhIP-induced carcinomas, several tumor suppressor genes were putatively located 

(Figure 5 ) ,  providing potential candidates for further studies on their impact on mammary 

carcinogenesis. Although the orthologous regions between rat and human have not been completely 

confirmed, it is notable that these deletions located on rat chromosomes 2, 3, 1 1, 18, and X are 

potentially orthologous to regions of human chromosomes 5q, 1 lp, 3p, 18q, and X, respectively, 

which harbor deletions (detected by LOH or CGH analysis) in certain human breast cancers [3, 29- 

3 11. The short arm of chromosome 11, for example, is lost in 30% of human breast cancers [32], 

and contains the putative tumor suppressor gene tsg101, which we have tentatively shown to be 

mapped to RNO 3. This gene was shown to contain intragenic mutations in 7 of 15 primary human 

breast carcinomas that showed LOH in 1 l p  [33]. 

In summary, we report recurrent regions of loss by CGH in PhIP-induced rat mammary 

carcinomas by CGH analysis. In addition, we describe a microdissection method which will permit 

detailed genetic mapping of the rat chromosomal regions and facilitate the identification of critical 
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genes associated with PhIP-induced rat mammary gland carcinogenesis. Comparison between rat 

and human mammary cancers is expected to ultimately aid in further understanding the genetic 

changes responsible for mammary cancer induction with a dietary carcinogen. 
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Clones assigned a putative function based on homology 
Clone Putative Function BLAST Score 
F12 Translational tumor protein p21 97% ID 
EO9 Type III collagen precursor 30% ID 
F07 Serine/threonine kinase 41% ID 

Clones with only EST homology (100% match with existing rat EST sequences) 
Clone Identifier Blast Score 
E04 EST251684 652 Evalue 0.0 
E10 EST204705 767 Evalue 0.0 
E l  1 EST251684 317 Evalue 2.0E-84 
Fo3 EST174941 1 837 Evalue 0.0 
F10 EST2418415 119 Evalue 1.OE-24 
F11 EST2418415 180 Evalue 4.0E-43 

b 
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Clone 
BO3 

Putative Function Based on Homology 
Rat Ribosomal Drotein L23A 1 OO%id 

2 

3-24 
3-25 

s 3-18 

\B 

Rat RNA Helicase P47 88% id. 
Tumor Susceptibility Gene tsglOl 100% id 
Zfp96 zinc finger protein 93% id. 

Hypothetical protein ligase-like 7 1 % id. 
Cysteine rich mbn protein 68% id. 
ADP/ATP Carrier 30% id. 

Unordered Genes Identified (Chromosome 3) 

I Clone I Putative Function Based on Homology 

Rat Ideograms from 
ratmap.gen.gu.se 
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FIGURE LEGENDS: 

FIGURE 1. Comparative Genomic Hybridization: CGH data pooled from 6 tumors induced 

by PhIP are shown. Green bars to the right of the ideograms show regions of DNA gain in  tumors; 

red bars to the left show losses. Gain/loss bars closest to the ideogram represent the first tumor, 

gain/loss bars for the sixth tumor are the farthest from the ideogram. Note the five regions that are 

consistently lost (short arms of chromosomes 3, 1 1  and 18, and the centromeric regions of 

chromosomes 2 and X), indicated by arrows. 

FIGURE 2, Gene Recovery Microdissection: cDNA libraries were constructed for the tissue 

of interest; the end result was a library with a median size of approximately 800-1200 base pairs with 

linker sequences attached to each end. Prior to hybridizing the cDNA to metaphase spreads, the 

spreads underwent extensive preparation. Normal metaphase cells first underwent in situ DOP-PCR 

(Step 1 )  to amplify the chromosomal (target) DNA on the slides. Following washing to remove 

nonspecifically bound DNA, the slides are crosslinked in a Stratalinker 1800 (Stratagene, Ldolla, 

CA), to preclude PCR amplification of the genomic DNA. Next, the cDNA library was hybridized to 

these cells (Step 2). This hybridized library was amplified in situ using primers specific for the 

flanking linkers used in the library synthesis (Step 3). The genomic regions of interest containing the 

hybridized cDNA are microdissected and the individual dissected fragments are placed in 

microcentrifuge tubes, and the cDNA molecules are amplified again with the linker-primed PCR 

(Step 4). The resulting chromosome-region specific cDNA libraries were sequenced at the Joint 

Genome Institute. 
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FIGURE 3. Precision and Repeatability of GRM: 3a shows ;1 Bacterial Artificial 

Chromosome containing the human HHARP gene mapped to human chromosome 2. 3b \bows 

results from dissecting 6 different human chromosomes 2 following the complete GRM procedure. 

in which a human testis cDNA library containing the HHARP gene was hybridized to normal 

human chromosomes. In each of the 6 cases, the region containing the mapped gene was dissected, 

as was the immediately contiguous region in which the gene was ostensibly not present. Each of 

the 12 dissected regions (6 presumably containing the HHARP gene, and 6 not) were amplified 

separately using PCR primers specific for the flanking primers of the cDNA library for 50 cycles, 

then with primers specific for a -550 base region of the HHARP gene for 35 cycles. Following the 

85 cycles of PCR, the products of each reaction were run on an agarose gel, with each gene- 

containing region being run next to its gene-lacking contiguous counterpart. In all 6 cases, the gene 

was amplified from the region to which it mapped, but not from the contiguous region (every other 

lane contains a product; these lanes represent regions from which the gene-containing fragment was 

dissected). This illustrates both the sensitivity and precision of GRM. 

FIGURE 4, Genes Putatively Mapped to Rat Chromosome I :  The sequenced clones were 

searched via nucleotide sequence and protein search engines sponsored by NIH, including BLAST 

and dBEST to find EST (Expressed Sequence Tag) clones and non-redundant nucleic and protein 

sequences with high homology to human, mouse or known rat genes. Searches were performed 

using the DataFoundry search engine. Data from mapping of the rat and human genes was further 

compared using NCBI's Homology Mapping web site www.ncbi.nlm.nih.gov/Homoloey/) and 

http://ratmap.gen.gu.se/. Figure 4A shows the microdissected region of rat chromosome 1 (red oval) 

and the genes that have been putatively mapped to that location. Putative functions are based on 
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homolosies 2s shown. In addition. numerous other clones were unique. containing no kn0u.n  

homologies. Figure 4B shows the FISH results for a BAC isolated using a randomly selected c D N A  

clone isolated From rat chromosome I .  The BAC is hybridized to the region of the chromosome I 

that was dissected. 

FIGURE 5, Genes Putatively Mapped to Rat Chromosomes 2 and 3: Red ovals show the 

approximate regions that were isolated by microdissection. 
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The Generation and Utilization of Tissue- and Chromosome Region-Specific Gene 
Expression Libraries 

Christian, Allen T.', Coleman, Matthew A. I, Snyderwine, Elizabeth G. 2, and Tucker, James D. ' 
1. 

2. 

Biology and Biotechnology Research Program, Lawrence Livermore National Laboratory. P.O. Box 808, 
L-452. Livermore, CA, 9455 1 
Chemical Carcinogenesis Section, Laboratory of Experimental Carcinogenesis, National Cancer Institute, 
Building 37, Room 3C28. Bethesda, MD, 20892 

We have developed a process to make gene expression libraries from specific regions of 
chromosomes, using any tissue, normal or cancerous, for any species of animal. Using this 
technique, the involvement of known genes in various diseases can be determined, as well as the 
potential involvement of expressed novel genes. This technology can also be used to map genes 
in species whose genome is less well-known than the human genome by isolating cDNA from a 
particular region and comparing those sequences against the human expressed sequence tag 
database. 

identify and map genes to chromosomal regions that are ubiquitously deleted in rat tumors. In 
rat mammary carcinomas induced by the heterocyclic amine PhIP (2-amino- 1 -methyl-6- 
phenylimidazo [4,5-b] pyridine), CGH results show that five regions of the genome are 
consistently lost. Using the microdissection gene recovery technique to isolate cDNA from the 
coextant regions in normal rat metaphase spreads, we have sequenced numerous genes of interest 
from two of these regions, including DNA repair and tumor suppressor genes that were not 
previously mapped in the rat. We have also sequenced novel genes whose function is as yet 
unknown. 

novel genes to a specific chemical or physical agent. Once the expressed sequences from a 
region have been isolated, the libraries can be placed on 'chip arrays' and used to assay the 
presence, absence and differential expression levels of genes from specific chromosomal regions. 
As an added benefit, gene location on a chromosome can be mapped easily. cDNA from one 
species can also be hybridized to the chromosomes of another species, allowing synteny to be 
established between them. This provides a valuable means of linking data from animal models 
to the human genome. When coupled with the ever-growing database of genomic sequence 
information, this technique will have a large impact on the use of expressed sequence data in the 
fields of carcinogenesis and genetic toxicology. 

We have combined this technique with comparative genomic hybridization (CGH) to 

This technique represents a powerful new way to analyze the response of both known and 
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